ABSTRACT
SIGNIFICANCE STATEMENT
The surface states of topological insulators (TIs) and magnetically doped TIs exhibit considerable inhomogeneities at the nanoscale. Methods are needed to probe the degree of heterogeneity as function of depth in nanoscale layers. We present a method that can directly visualize TIs in a depth-resolved manner and report on their electronic and magnetic properties. For example, in epitaxial thin films we demonstrate an increase in the density of states, a weakening of the ferromagnetic order when approaching the TI edges, as detected by measurements of the electron-nuclear hyperfine interaction, the effective s-d exchange integral and local moment density. Depth profiling is expected to help uncover exotic physics of pure and ferromagnetic TIs and TI heterostructures. Because topological materials are characterized by sharp changes in electronic properties at their surfaces and at interfaces with other materials, sensitive techniques are required to probe electronic and magnetic properties in a spatially resolved manner down to the atomic length scale. It has become clear that TI properties are spatially dependent (both in-plane and as a function of depth or film thickness). Magnetic phenomena are accompanied by inhomogeneities within the material and interactions at interfaces that cannot be explained by simple models. To date, the observation of metallic surface states has been accomplished with transport measurements, scanning tunneling microscopy 5 (STM), and angle-resolved photoemission spectroscopy (ARPES) (5, 6) . The depiction of the Dirac dispersion with ARPES requires n-type samples. Likewise, transport and STM require sufficiently conductive samples. Moreover, such experiments require the growth of high-quality samples (ideally, thin films or cleaved crystals exposing atomically flat surfaces) and often are most effective at low temperatures (<30 K) and for thin (<15 nm) layers. In addition, these techniques do not provide depth-resolved information. These factors limit their applicability in the study of complex heterostructures. Consequently, spatially resolved, non-invasive measurements of material properties would be an important asset in the study of physics at interfaces.
Nuclear magnetic resonance (NMR) has the potential to overcome some of the challenges associated with traditional characterization methods. Because it acts as a local probe of electron-nuclear hyperfine interaction with electrons near the Fermi level, it can depict the electronic and magnetic properties of insulating or metallic materials (p-type or n-type), does not require long-range crystal order and does not rely on electron transport. NMR has been regarded as an unlikely candidate for the study of topological states because of the low dimensionality of thin films and associated sensitivity issues: the detection of solid-state NMR signals typically requires at least 10 15 nuclear spins whereas the nanometer-thick layers associated with topological surface states contain significantly fewer spins. A potential solution to the sensitivity problem is the technique of β-detected
NMR (β-NMR) (see SI Text, β-NMR experiments and refs. 2-7). β-NMR enables us to
interrogate the wavefunction of the charge carriers while varying the energy of incident ions to control implantation depth. β-NMR is similar to muon-spin rotation spectroscopy, except that a 8 Li + ion is used rather than a muon. The heavier mass of 8 Li + enables better 6 control of the ion position by controlling the energy of the incident ions. The implantation profile of the ions in high-Z materials is sharp and localized to layers that are tens of nanometers thick. The signal from such thin layers can be detected with β-NMR using highly polarized nuclear spins (>60 %) and the high-efficiency detection of β-emissions. Furthermore, the longer half-life of the 8 selected to probe the film properties as a function of depth (Fig. 1A) . In the present study, the beam energy of 0.4 keV was used to probe primarily the surface layer of the TI film (~3-5 nm implantation depth), whereas the 1-keV beam probed the bulk of the TI (ions implanted ~10-20 nm deep). Higher beam energies were used to probe deeper 8 layers into the OI substrate. For additional details of the experimental procedure, see the SI Text (Section A).
RESULTS AND DISCUSSION
ELECTRONIC PROPERTIES. The Knight shift is a NMR parameter that probes the local polarization of conduction band electronic spins induced by an external field. The nuclear spins are coupled to the conduction band electrons through the hyperfine interaction, which is a measure of carrier density (8) (9) (10) . Quantitative values of the Knight shift, ! , are obtained by correcting the NMR resonance frequency shift,
, for the demagnetization field,
where χ is the magnetic susceptibility. arises from coupling the 8 Fig. S6A ) also confirm the emergence of a negative Knight shift (see SI Text, β-NMR experiments) at the exposed surface. In the case of a metal, the wavefunction of delocalized charge carriers interacts with the nuclear spins through the electron-nuclear hyperfine interaction.
Therefore, nuclear spins experience the average field of the electronic spin polarization, which leads to the Knight shift. The expression for the Knight shift in a degenerate semiconductor is (15, 22, 23) 
where , * are electron -factors (vide infra), ( ! ) is the density of states at the Fermi level, and ! 0 ! ! ! is the single-particle free electron probability density at the nucleus. The latter is averaged near the bottom of the conduction band for electrons or near the top of the valence band for holes (22) and depends on the origin of the hyperfine interaction (Fermi contact, dipolar or orbital) (15) . In our case, the nuclei are high-Z elements, and the relativistic effects on the hyperfine coupling are of major importance (15) . Therefore, the term ! 0 ! ! ! should be relativistically expressed as (cos ! ! ) ( ) , where cos θ + is a spin-orbit mixing parameter, R is the spatial atomic wave functions near the nucleus and replaces the Dirac function . The typical Knight shift is proportional to the paramagnetic susceptibility, although this proportionality is valid only for a scalar matrix (15) . The spin-orbit parameter mixes the electronic wavefunctions thus mixing the hyperfine contributions that generate the Knight shift. In the non-relativistic approximation the hyperfine Hamiltonians use the free-electron factor rather than the modified * because of the spin-orbit interaction and the crystalline potential (15) . The magnitude and sign of the Knight shift in a narrow gap semiconductor are governed by the carrier density and the (large) * factors of the carrier types, respectively. Equation (2) underestimates the Knight shift because it neglects demagnetization field effects near the TI surface and the non-parabolicity of the multi-valley band structure, which modulates the dependence between the Knight shift and the carrier density (15, 22, 23) .
The electron-nuclear hyperfine coupling constant !! and the Knight shift are related by
where ! is Avogadro's number, is the average coordination number at the implantation site, and ! is the magnetic moment of the charge carriers (see SI Text, refs.
and 14)
. We use the value =2.4 reported for lattice sites in Bi 2 Te 3 (14) . The hyperfine coupling, which is a local probe of the electronic wavefunctions in the vicinity of implanted 8 Li + ions, is mediated by the strong SOC between the nuclei and the p-band carriers (8, (15) (16) (17) . The hyperfine constants are plotted in Fig. 2A . We observe a T- (20, 21) , in contrast to the behavior observed in TI nanocrystals.
Furthermore, in the case of ZnTe (E g =2.23 eV, 300 K) the 125 Te frequency shift of nanoZnTe remains unshifted relative to micrometer-sized samples (see Fig. S6C ). The estimates of the Knight shift by equation (2) In the GaAs layer, the dependence of the linewidth on temperature is considerably small, similar to results from previous β-NMR studies in intrinsic GaAs (11) . However, in the TI layer (0.4-1 keV), the linewidth is more than three times greater than in GaAs.
We also note that the linewidth in the TI layer increases with decreasing T, in contrast to the non-TI material, GaAs (11) . Another feature we observe is a considerably broader linewidth for the TI surface layer compared to the TI bulk, a result that is opposite of that 
30,34).
In non-zero external magnetic fields, the loss of magnetic order tends to be more extensive and shifts to higher temperatures compared with the case of a zero external field (28-33) owing to the creation of large local fields both above and below the critical temperature. Although no proper phase transition occurs in non-zero external fields in terms of critical phenomena, demagnetization nonetheless occurs, and we write "T c " to refer to the region of inflection.
We now discuss the line broadening. In the β-NMR experiment, the presence of magnetic moments at the dopant sites will generate local internal fields that broaden the The T-dependence of yields an estimate of the magnitude of the effective s-d exchange integral ( ) by the relation Compared with other techniques, our experimental procedure differs mainly in that rather than varying the film thickness, the reading is performed non-invasively, that is, as a function of depth, and in a film of fixed thickness. This experimental aspect is missing, for example, in ARPES and STM. Therefore, the β-NMR spectroscopy is an efficient and valuable tool for TIs whose topological properties depend strongly on film thickness or for TI layers that are part of a nanoscale device or heterostructure.
CONCLUSIONS
This depth-dependent study of electronic and magnetic properties of TI epitaxial layers using implanted 8 Li + ions reveals important details about nanoscale layers. Namely, transitioning from bulk to the surface of the TI across a distance shorter than 10 nm, the 
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Depth-Resolved MRI of TIs The electronic structure of (Bi,Sb) 2 Te 3 was studied by ARPES at 10 K. The Dirac cone, which confirms the existence of metallic surface states, is observed from the ARPES intensity map (Fig. S1C) . The Fermi level, which lies inside the bulk conduction band, has been observed previously (1) . Magneto-conductance transport measurements were carried out at 1.9 K, with external field applied perpendicular to the thin film, via four-point Hall measurements Fig. S1D .
A sharp, weak anti-localization cusp appears in the low field limit, indicative of destructive quantum interference conduction along the topological surface at zero magnetic field.
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Depth-Resolved MRI of TIs In this study, layered heterostructures ( (Fig. S3B ).
Koumoulis Page 32
Depth-Resolved MRI of TIs The high field 8 Li + β-ΝΜR resonance in rocksalt MgO is very narrow, with minimal nuclear dipolar broadening and no quadrupolar splitting, the latter implying a site with cubic symmetry for the implanted 8 Li + . The resonance in MgO is commonly used as a frequency reference, from which the resonance shifts in other materials are measured. We present measurements of the high field lineshape and its energy dependence. 
C. Nanocrystalline Topological Insulators and Ordinary Insulators
In this section, we present variable temperature solid-state NMR experiments to corroborate the above findings from our β-NMR experiments. In nanoparticles of TI material, surface effects begin to dominate and the NMR signal reflects surface properties (12, 13) . Thus, measurements on nanoscale TIs provide an independent verification of the observed effects in thin films. properties of these nanoscale TIs in the limit of higher surface-to-volume ratios. This effect has been discussed in previous NMR studies ( [11] [12] [13] , where the reader can find additional discussions of the observed phenomena.
In Figure S6 results from experiments performed on samples of (Bi shift as function of particle size, which suggests increasing metallic behavior in the limit of large surface-to-volume ratios (Fig. S6A,B ). In accordance with the above results, a short T 1 and a negative shift have recently been established as the universal NMR features of band inversion in topologically non-trivial materials (TIs) (15) . In the case of ordinary semiconductors a different behavior has been observed, i.e. the 125 Te frequency shift of BM nano-ZnTe remains equal (unshifted) to the mortar and pestle sample (Fig. S6C) . Fig. S8A -C. We analyzed our data to clarify the underlying mechanism of spin-lattice relaxation of antimony when x=0 by calculating the ratios of the relaxation rates of each isotope.
In case where the T 1 mechanism is governed by fluctuations of the local internal magnetic field at Sb sites from conduction charge carriers, the isotope ratio is proportional to the square of the magnetogyric ratios, as defined in Eq. S1 below. This magnetic relaxation mechanism is dominant for a ratio of 3.41 (theoretical value).
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Depth-Resolved MRI of TIs
In the case of an electric relaxation mechanism, fluctuations of the electric field gradient (EFG)
at the Sb site dominate, and the relaxation rate depends on the nuclear spin I. The magnitude of the quadrupolar moment of each Sb isotope plays a dominant role and the ratio is:
The experimental ratio of relaxation rates agrees with the theoretical prediction of equation S1, namely, fluctuations of the hyperfine field (magnetic) are responsible for the spin-lattice relaxation at the Sb sites as shown in Fig. S8D . Taking into account the Korringa law, this result is further evidence that the interaction of Sb nuclei with the carrier conduction electrons is the dominant mechanism that is responsible for T 1 relaxation at the nanoscale for x=0 in The observation of metallic behavior in the near-surface regime is consistent with the strategy (demonstrated in transport studies of TIs) that the bulk contribution to conductivity is strongly suppressed in the limit of large surface-to-volume ratios. Although NMR is not a direct probe of the Dirac cone as ARPES is, it does report on the density of states at the Fermi level, which exhibits an important "contrast" mechanism as the bulk contributions from defects are suppressed in the limit of high surface-to-volume ratio.
D. Magneto-Transport Characterization of (Bi,Sb) 2 Te 3
The electrical properties of (Bi,Sb) 2 Te 3 films and their unique topological surface states have been studied by magneto-transport (1, (19) (20) (21) (22) (23) . In Figure S9A , we observed Shubnikov-de Haas Depth-Resolved MRI of TIs observed, similar to the quantum Hall effect of an ordinary 2DEG. We note that a recent NMR study on Bi 2 Se 3 (17) has been performed at magnetic fields approaching the quantum limit (i.e.
the regime in which only a few of the lowest Landau levels are occupied).
Finally, in light of the unique spin-momentum locking feature of topological surface states, we demonstrate electrical detection of spin-polarized surface state conduction in (Bi,Sb) 2 Te 3 thin films using a Co/Al 2 O 3 ferromagnetic tunneling contact, as shown in the inset of by changing the electric current direction (see Fig. S9D ), confirming the spin-momentum locking in the surface state conduction. The spin voltage amplitude was quantitatively analyzed to yield an effective spin polarization of 1.2% for the surface state conduction in the TI. Thus, our TI samples are of the highest available quality and display all of the expected exotic physics of bona fide TI materials, as confirmed in this study. 
